1. Introduction {#s0005}
===============

Focal epilepsy is a disease whereby brain networks function abnormally via a variety of underlying genetic and acquired causes ([@bb0020]). This makes a precise definition of 'epilepsy-specific' brain networks key for understanding neural mechanisms underlying focal epilepsy ([@bb0185], [@bb0035]). Although functional Magnetic Resonance Imaging (fMRI) provides high spatial information about large-scale functional brain networks, standard fMRI connectivity studies only incorporate static features of the data that are present over multiple minutes and therefore fail to account for the paroxysmal hypersynchrony of brain networks that is a cardinal feature of focal epilepsy ([@bb0030]). A reason why few studies have explored dynamic fMRI connectivity in focal epilepsy is due to fMRI\'s limited capability to capture hemodynamic response changes of connectivity between and within different brain areas. A 'sliding-window' approach is commonly applied to fMRI time series to elucidate dynamic aspects of functional brain connectivity. This method is, however, suboptimal in that reliable characteristics of brain function can only be achieved with relatively long time-windows that can span the order of minutes, not seconds ([@bb0195]).

To combine the high spatial resolution that fMRI offers with single fMRI image temporal resolution, we developed Dynamic Regional Phase Synchrony (DRePS - [@bb0140]). DRePS is a dynamic alternative to Regional Homogeneity (a commonly used static measure of local brain connectivity - [@bb0230]) that measures instantaneous phase synchrony at each time-point within spatially proximate fMRI voxels ([@bb0140] - see also [@bb0075], [@bb0165], [@bb0170], for similar approaches). DRePS is a promising analysis framework for delineating dynamic brain changes in focal epilepsy because of its capability to estimate fMRI dynamic connectivity at the maximal temporal resolution of a repetition time (*TR*; single image volume). In our previous report of healthy people, we demonstrated that DRePS is likely to reflect activity of local network properties responsible for large-scale and synchronous brain network activity ([@bb0140]).

Several lines of evidence suggest that focal epilepsy is characterised by common functional brain abnormalities despite the heterogeneous nature of this patient group. This was first demonstrated by [@bb0110] who used simultaneous electroencephalogram and fMRI (EEG-fMRI) to demonstrate that across temporal and non-temporal focal epilepsy patients with variable foci, ipsilateral piriform cortex was activated during inter-ictal epileptiform discharges (see also [@bb0045], [@bb0055], [@bb0160]). Another simultaneous EEG-fMRI study demonstrated that several other brain regions are also commonly activated or deactivated during heterogeneous inter-ictal epileptiform discharges in frontal lobe epilepsy ([@bb0045]), namely the ipsilateral fronto-insular cortex, mid-cingulate cortex, precuneus, and cerebellum. All of these studies, however, treat the brain as a *static* entity. To enhance our understanding of focal epilepsy as a paroxysmal brain network disease, a cohort of epilepsy patients with heterogeneous foci localisation was selected to examine commonly observed functional network changes in these patients. By calculating the power spectral density of DRePS (*PSD*~*DRePS*~ - i.e., signal variability of local connectivity) we hypothesise that the aforementioned brain regions are also dynamically altered in neocortical focal epilepsy.

2. Methods {#s0010}
==========

2.1. Subjects and ethics {#s0015}
------------------------

Included in this study were 21 participants with neocortical focal epilepsy (mean age 29.0 ± 11.5, 9 female), and 21 healthy controls (mean age 30.3 ± 10.2, 10 female). No statistical difference of age and gender was seen between the groups. We have previously published data from 15 of these patients in unrelated analyses of fMRI graph theory ([@bb0155]) and multivariate pattern analysis ([@bb0160]). Here, an additional six patients with focal epilepsy were included. The diagnosis of focal epilepsy was based on converging evidence from clinical symptoms, MRI, EEG video monitoring, neuropsychology, and nuclear imaging. Approximately half of the patients (10/21) had frontal lobe epilepsy, although exact foci were heterogeneous. The remaining patients had seizures originating from peri-central cortex (*n* = 5), parietal lobes (*n* = 4), and temporo-occipital-parietal junction (*n* = 2). No patients had mesial temporal lobe seizures or any secondary lesion. In total, 10 individuals (48%) had a right-sided seizure onset, and 10 individuals (48%) had a lesion visible on MRI consistent with subtle focal cortical dysplasia; 6/21 patients underwent surgery for focal cortical dysplasia (all seizure-free insofar), and all fMRI scans used in this study was acquired pre-operatively. Full clinical overview of all patients is provided in [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}. The Austin Health Human Research Ethics Committee approved the study and all participants gave written informed consent.

2.2. fMRI parameters and pre-processing {#s0020}
---------------------------------------

10 min of task-free fMRI were acquired at 3 T (Siemens Skyra, Erlangen, Germany). No EEG was simultaneously recorded during fMRI scans. FMRI data were obtained with a *TR* of 3000 ms, echo time of 30 ms and isotropic voxel size of 3 × 3 × 3 mm. Pre-processing was performed using scripts from SPM12 ([@bb0070]) and DPABI ([@bb0220]) in a MATLAB R2016a (MathWorks Inc., Natick, Massachusetts, United States) environment. The data were slice-time corrected, realigned (24 motion parameters [@bb0065]), co-registered to the subject\'s own structural T1-weighted images, and segmented into three separate tissue types (grey matter, white matter, and cerebrospinal fluid). This was done using a diffeomorphic registration algorithm (DARTEL) that creates an average structural brain template from all subject\'s T1 images ([@bb0015]). FMRI images were then normalised into Montreal Neurological Institute space (3 × 3 × 3 mm voxel size). The data were band-pass filtered between the narrowband range of 0.03 and 0.07 Hz. This frequency was chosen over more conventional frequency intervals (e.g., 0.01--0.1 Hz) as it theoretically satisfies mathematical requirements for fMRI phase synchrony analysis and also, is minimally affected by respiration and pulse artefacts ([@bb0075]). Average cerebrospinal fluid and white matter signals were regressed out from the data. Image points with high amplitude head-movement (i.e., framewise displacement above 0.5 mm - [@bb0180]) were interpolated using a cubic spline algorithm. This procedure avoid discontinuous time signals in fMRI data ([@bb0200]). No statistically significant differences in head movement were observed between the two groups.

2.3. Dynamic functional connectivity analysis: power spectral density of DRePS {#s0025}
------------------------------------------------------------------------------

DRePS time series were obtained by estimating TR-resolution regional similarity between fMRI signals within a moving cube of adjacent voxels (0.729 cm^3^ with our 3 × 3 × 3 mm voxel size). It generated a 4D map of dynamic local connectivity with the same size of the input fMRI data. The DRePS time series at a typical voxel represents time-varying phase coherence relationships between a central voxel and its immediate 26 neighbouring voxels over the course of the scan. We developed this measure as a dynamic extension of Regional Homogeneity ([@bb0230]), which has previously been used for static connectivity analysis of epilepsies ([@bb0150], [@bb0160], [@bb0215], [@bb0235], [@bb0240]). Amplitude of DRePS ranges between 0 and 1 covering low to high dynamic local connectivity.

To characterise the dynamic strength of functional connectivity across different brain areas, we calculated average spectral density of the DRePS time series (*PSD*~*DRePS*~) at each voxel for each participant. In our previous report, we showed that *PSD*~*DRePS*~ across healthy controls was highest in commonly reported brain network 'hubs' including frontal and parietal association cortex (including the default mode network), and primary visual cortex ([@bb0140]). This suggests that *PSD*~*DRePS*~ contains meaningful information extracted from phase synchrony of local network properties.

Before computing *PSD*~*DRePS*~, we estimated whether DRePS is a non-stationary process with varying statistical characteristics over time. We used an Augmented Dickey--Fuller test to verify that DRePS time-series are likely to be non-stationary (see [Supplementary Fig. 1](#f0015){ref-type="graphic"} -- right bar). We also detrended DRePS signals before analysis. This procedure removes the mean (or trend) of a time-series and allows us to predominantly focus on its fluctuation pattern.([@bb0125])

Due to the similar temporal resolution of DRePS and its underlying fMRI data, *PSD*~*DRePS*~ was averaged over its entire frequency spectrum (0 to 1 / (*2TR*) = 0.167 Hz). This value is mathematically equivalent with the total signal energy of DRePS, and is therefore a potential way of summarising the variability of dynamic connectivity data. In [Supplementary Fig. 2](#f0020){ref-type="graphic"} we demonstrate high correlational relationship between variance of DRePS and *PSD*~*DRePS* ~ ((Pearson\'s*r*^2^ = 0.78).

Voxel-wise spatial maps of *PSD*~*DRePS*~ for all focal epilepsy patients with right hemisphere epilepsy (10/21), and an equal number of healthy controls, were 'flipped' to the left hemisphere. This was done to conduct an ipsilateral versus contralateral analysis. The final  *PSD*~*DRePS*~ spatial maps were smoothed with an 8 mm full-width-at-half-maximum Gaussian kernel in order to increase the signal-to-noise ratio.

2.4. Statistical analysis {#s0030}
-------------------------

### 2.4.1. Whole-brain effect sizes {#s0035}

Effect sizes (Cohen\'s *d*) and 95^th^ percentile confidence intervals of whole-brain averaged *PSD*~*DRePS*~ were calculated to estimate overall differences between groups (small effect size = 0.2, medium effect size = 0.5, and large effect size = 0.8).

### 2.4.2. Voxel-wise effect sizes {#s0040}

A recent appraisal of voxel-wise statistical approaches in fMRI shows that non-parametric statistical analysis of permutation testing is a robust estimator of group differences using fMRI ([@bb0040]). Thus, voxel-wise differences between groups was calculated with non-parametric permutation testing using standardised effect size estimations of Cohen\'s *d*. The voxel-wise data was tested against a null distribution made by 500,000 permutations. For each permutation, subjects were assigned with a random label (i.e., either 'epilepsy' or 'control') and the group difference of Cohen\'s *d* was recalculated. The voxel-wise statistical significance threshold was set at *p* \< 0.001. Voxels surviving this significance threshold were further cluster-corrected at *p* \< 0.05.

3. Results {#s0045}
==========

3.1. Whole-brain dynamic functional connectivity: focal epilepsy versus controls {#s0050}
--------------------------------------------------------------------------------

Whole-brain averaged *PSD*~*DRePS*~ was increased in epilepsy subjects compared to healthy controls ([Fig. 1](#f0005){ref-type="fig"}A; Cohen\'s *d* = 1.18, 95^th^ confidence interval = 0.43--1.93, *p* = 0.003; large effect size). In both groups, voxel-wise *PSD*~*DRePS*~ values were associated with heavy-tailed distributions (closest fit was a gamma distribution), but epilepsy subjects had larger number of high *PSD*~*DRePS*~ values ([Fig. 1](#f0005){ref-type="fig"}B). In other words, people with neocortical focal epilepsy have stronger fluctuations of local connectivity than healthy controls.Fig. 1Comparison of dynamic functional connectivity between focal epilepsy patients and healthy controls. A) Whole brain effect size analysis between focal epilepsy (cyan) and control (magenta) groups. Error bars denote standard deviation. B) Density of *PSD*~*DRePS*~ voxel-wise distribution for all epilepsy subjects (cyan) and control subjects (magenta). Both groups displayed a heavy-tailed distribution of *PSD*~*DRePS*~ values (reported in hertz across the x-axis). C) Voxel-wise comparison of *PSD*~*DRePS*~ values between focal epilepsy and control groups. Shown are voxel clusters with statistically significant increased *PSD*~*DRePS*~ in focal epilepsy compared to controls. The colour bar corresponds to *p*-values associated with voxel-wise permutation testing.Fig. 1

3.2. Voxel-wise dynamic functional connectivity: focal epilepsy versus controls {#s0055}
-------------------------------------------------------------------------------

In focal epilepsy, we detected six brain regions with statistically increased *PSD*~*DRePS*~ as compared to healthy controls. These were bilateral inferior frontal cortices, ipsilateral mid-cingulate gyrus, superior temporal gyrus, caudate head, and contralateral cerebellum (*p* \< 0.001, cluster corrected -- [Fig. 1](#f0005){ref-type="fig"}C). No voxels with decreased *PSD*~*DRePS* ~ was found in the focal epilepsy group.

3.3. Sub-group analysis: no difference between frontal lobe and non-frontal lobe epilepsy {#s0060}
-----------------------------------------------------------------------------------------

Since approximately half of our epilepsy patients had some form of frontal lobe epilepsy, we tested whether our findings were 'driven' by this particular sub-group of individuals. We estimated the average *PSD*~*DRePS*~ within each of the six statistically significant spatial clusters (see [Fig. 2](#f0010){ref-type="fig"}) and observed no differences between frontal lobe epilepsy patients ([Supplementary Fig. 3](#f0025){ref-type="graphic"} -- green) and non-frontal lobe epilepsy patients ([Supplementary Fig. 3](#f0025){ref-type="graphic"} -- blue). Both epilepsy sub-groups showed greater *PSD*~*DRePS*~ than controls ([Supplementary Fig. 3](#f0025){ref-type="graphic"} -- cyan) for all six voxel clusters.Fig. 2Focal epilepsy and brain network variability: Here, we outline a hypothesised model of brain network variability in focal epilepsy during the inter-ictal (bottom left) and peri-ictal (bottom right) state. We propose that the inter-ictal state is associated with 'regulatory network variability' that is provided by the inferior frontal cortices, superior temporal gyrus, cingulate cortex and cerebellum. In turn, a functional loss of these modulatory nodes may predispose to focal seizures.Fig. 2

3.4. PSD~DRePS~ is distinct from static local connectivity (Regional Homogeneity) {#s0065}
---------------------------------------------------------------------------------

We also examined whether dynamic information obtained from mean *PSD*~*DRePS*~ is correlated with static information of average DRePS and Regional Homogeneity. This was done using data from a randomly selected control subject. As seen in [Supplementary Fig. 4](#f0030){ref-type="graphic"}, mean DRePS and Regional Homogeneity were highly correlated (Pearson\'s *r*^2^ = 0.89), whereas mean *PSD*~*DRePS*~ and Regional Homogeneity had much weaker correlational relationship (Pearson\'s *r*^2^ = 0.28).

4. Discussion {#s0070}
=============

4.1. Increased dynamic functional connectivity in neocortical focal epilepsy {#s0075}
----------------------------------------------------------------------------

This study elucidates the inherent dynamics of functional brain networks in patients with neocortical focal epilepsy, using DRePS to examine dynamic local connectivity at maximal temporal resolution (i.e., single *TR*) of fMRI data. We observed increased brain-wide *PSD*~*DRePS*~ in people with focal epilepsy compared to controls ([Fig. 1](#f0005){ref-type="fig"}A--B). This means that people with neocortical focal epilepsy display stronger fluctuations of local connectivity than healthy controls. This effect was maximal in bilateral inferior frontal cortices, ipsilateral mid-cingulate gyrus, superior temporal gyrus, caudate head, and contralateral cerebellum ([Fig. 1](#f0005){ref-type="fig"}C). These are commensurate with our previous findings of *static* fMRI connectivity abnormalities in focal epilepsy using an unrelated machine learning approach ([@bb0160]), and also simultaneous EEG-fMRI correlates of inter-ictal epileptiform discharges in frontal lobe and temporal lobe epilepsy ([@bb0045]). Contrary to previous reports, we observed no between-group differences in either the ipsilateral piriform cortex or the precuneus.

Approximately half of our patients had some form of frontal lobe epilepsy. However, we observed no differences in dynamic local connectivity between frontal lobe epilepsy and non-frontal lobe epilepsy patients. In fact, both sub-groups displayed relatively higher  *PSD*~*DRePS*~ than healthy controls (see [Supplementary Fig. 3](#f0025){ref-type="graphic"}). This suggests that network abnormalities may be consistent across all subjects with focal epilepsy.

To our knowledge, this study is the first to demonstrate abnormalities in fMRI network dynamics in a group of patients with extratemporal focal epilepsy. Several studies have previously shown alterations of fMRI network dynamics in temporal lobe epilepsy ([@bb0115], [@bb0135], [@bb0190]). In particular, [@bb0130] demonstrated that dynamic fMRI connectivity of mid-cingulate and ipsilateral networks (insula, hippocampus and thalamus) was positively correlated with disease duration in temporal lobe epilepsy patients. Taken together, this provides further evidence of 'common' brain abnormalities amongst people with clinically heterogeneous focal epilepsy (see [@bb0110], [@bb0045], [@bb0055], [@bb0160], for further reports of common functional brain abnormalities in temporal and non-temporal lobe focal epilepsy).

4.2. Focal epilepsy: increased dynamic functional connectivity may be a compensatory mechanism {#s0080}
----------------------------------------------------------------------------------------------

Since the current sample of epilepsy patients have seizure foci dispersed across the neocortex, we find it unlikely that the current findings signify network properties that are directly involved in instigation and/or propagation of seizures. Instead we postulate that our findings of increased dynamic brain connectivity in focal epilepsy reflects a brain network process that responds and adapts to epileptic activity characterised by hyper-synchronisation of neurons ([@bb0025], [@bb0050]).

The human brain is a highly adaptive and plastic organ that requires homeostatic mechanisms for continued functioning, and is unlikely to be a passive bystander to persistent abnormal neuronal activity. We believe that the epileptic brain engages in a constant 'battle' between normal and abnormal brain network activity that is likely to be mediated by *regulatory network activity*. This is consistent with a recent brain network model proposed by [@bb0060]) where nodes distal to the primary pathology --here, the epileptogenic focus-- may increase their overall activity and connectivity in an attempt to regain cortical homeostasis in an otherwise abnormal brain. Such a compensatory mechanism may particularly relate to increased *PSD*~*DRePS*~ seen in the inferior frontal cortices ([Fig. 1](#f0005){ref-type="fig"}C). This brain area is known to represent an 'inhibition hub' in concert with other nodes including the striatum ([@bb0010]). FMRI studies consistently show right inferior frontal cortex activation when participants must selectively suppress a prepotent response during Go-NoGo tasks ([@bb0005], [@bb0080]), indicating that this area acts as a 'brake' that can suppress or temporarily pause impending motor actions ([@bb0010]). Although evidence to date shows a role for this node in behavioural inhibition, we speculate that at a more general level it may also be involved in a compensatory network that attempts to curtail the spread of epileptogenic discharges.

In line with this interpretation, we have previously postulated that brain network segregation (increased connectivity between neighbouring brain nodes) constitutes an inter-ictal network configuration that protects the (focal) epileptic brain from continuously seizing ([@bb0155]). Increased network segregation may be mediated by the current 'focal epilepsy network' encompassing the fronto-temporal cortex, cingulate gyrus and the cerebellum. In [Fig. 2](#f0010){ref-type="fig"} we provide a schematic overview of how 'regulatory network variability' may be important to prevent the epileptic brain from transitioning to the ictal state. Despite the theoretical nature of this model, it is consistent with intracranial EEG studies that demonstrate electrophysiological activity in isolated hubs of a network during focal seizures ([@bb0105], [@bb0120], [@bb0175], [@bb0205]).

4.3. Dynamic versus static functional connectivity {#s0085}
--------------------------------------------------

The assumption of static interdependence between distinct brain areas using task-free fMRI has been dominant in the functional connectivity literature. Despite the valuable contribution of these studies in understanding normal and abnormal brain networks, they always specify an 'average' picture of complex brain network dynamics. We believe DRePS is a promising measure of brain dynamics and it is likely to be non-stationary (see [Supplementary Fig. 1](#f0015){ref-type="graphic"}). This proposition can be further validated using non-parametric and randomised null models ([@bb0085]). We also show that *PSD*~*DRePS*~ is only moderately correlated with Regional Homogeneity. This finding indicates that dynamic information obtained by *PSD*~*DRePS*~ is distinct from static representations of local brain connectivity (see [Supplementary Fig. 3](#f0025){ref-type="graphic"}).

By quantifying time-varying or dynamic functional connectivity (e.g., *PSD*~*DRePS*~), we obtain a view of the brain\'s dynamic interactions ([@bb0090]). This is especially important when studying brain diseases with paroxysmal characteristics such as focal epilepsy.

4.4. Future directions and limitations {#s0090}
--------------------------------------

It remains important to test the overall specificity of the brain network changes we have observed in neocortical focal epilepsy. Phenotyping of patient cohorts is generally challenging in epilepsy imaging studies, and although our patients have heterogeneous sites of seizure foci they presumably share a similar disease process in that they all have confirmed or suspected subtle focal cortical dysplasia. An avenue for future research is to test whether other types of epilepsy engage similar networks, including other focal epilepsies (e.g., mesial temporal lobe epilepsy with hippocampal sclerosis, tumours and severe cortical abnormalities), as well as the generalised epilepsies.

Assessing dynamic brain changes in response to epileptogenic EEG discharges would also be a potential improvement of our current approach (e.g., [@bb0210]). Commonly used simultaneous EEG-fMRI methods (e.g., general linear model analysis) are not applicable for *PSD*~*DRePS*~ as it needs information from continuous data. We need novel methods that enable us to extract continuous (epileptogenic) EEG activity that correlates with DRePS.

A limitation of our study is that we were not able to account for functional brain changes potentially caused by anti-epileptic drug use ([@bb0100], [@bb0145], [@bb0225]). However, we find it unlikely that our group level results can be accounted for by anti-epileptic drug use given that we found no consistent patterns of anti-epileptic drug use in our patients (e.g., number/type of drugs and years of treatment). In support of this view, we recently demonstrated that functional brain networks change its overall topology between a pre- and post-surgical fMRI scan, despite no changes in antiepileptic drugs ([@bb0095]). This serves as a proof-of-principle that fMRI network findings in epilepsy are likely to reflect disease-specific processes rather than anti-epileptic drugs.

5. Conclusion {#s0095}
=============

Increased dynamic network variability may help maintain brain function in the presence of abnormal epileptiform network activity in focal epilepsy -- this is also further evidence of common brain network abnormalities amongst people with neocortical focal epilepsy. This study is a step towards understanding focal epilepsy as paroxysmal brain network disease.

The following are the supplementary data related to this article.Supplementary Fig. 1Average *p*-values from the augmented Dickey--Fuller test (ADF) test of stationarity. *p*-Values above 0.05 (dotted line) suggests that original DRePS signals are non-stationary (right bar). After detrending the original DRePS time-series, signals become stationary (middle bar), approximate to random time-series (left bar).Supplementary Fig. 1Supplementary Fig. 2In this figure we show the relationship between variance of DRePS and *PSD*~*DRePS*~ in a randomly selected control subject. Variance of DRePS and *PSD*~*DRePS*~ are highly related to each other.Supplementary Fig. 2Supplementary Fig. 3Dynamic functional connectivity changes are not driven by patients with frontal lobe epilepsy: Since approximately half of our epilepsy subjects had frontal lobe epilepsy, we wanted to quantify whether our findings were 'driven' by these patients. To do so we estimated the average *PSD*~*DRePS*~ within each of the six statistically significant clusters. We observed no differences between frontal lobe epilepsy patients (green) and non-frontal lobe epilepsy patients (dark blue). Both sub-groups showed greater *PSD*~*DRePS*~ than controls (light blue) for all six voxel clusters. *PSD*~*DRePS*~ values are reported in hertz.Supplementary Fig. 3Supplementary Fig. 4In this figure we show the relationship between Regional Homogeneity, mean DRePS and *PSD*~*DRePS*~ in a randomly selected control subject~.~ Average DRePS and Regional Homogeneity are, as expected, highly related to each other. *PSD*~*DRePS*~ and Regional Homogeneity, however, are only moderately related. This suggest that the dynamic information of *PSD*~*DRePS*~ is distinct from the static information of Regional Homogeneity and its mean DRePS derivative.Supplementary Fig. 4Supplementary Table 1Clinical information of all focal epilepsy subjectsSupplementary Table 1
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